A B S T R A C T The mechanism whereby the vasoconstrictor response to angiotensin II (A,,) is influenced by sodium balance or disease is unclear. To explore this question, the renal vascular responses (RVR) to intrarenal injections of subpressor doses of A,, and norepinephrine were studied in dogs with an electromagnetic flowmeter. Acute and chronic sodium depletion increased plasma renin activity (PRA) and blunted the RVR to A,,, while acute sodium repletion and chronic sodium excess plus desoxycorticosterone acetate decreased PRA and enhanced the RVR to All.
INTRODUCTION
Changes in sodium balance are a major stimulus regulating the activity of the renin-angiotensin system. During sodium depletion, there is an increase in the concentration of circulating angiotensin II (1) . The administration to sodium-depleted animals or to huimans of pharmacological agents that prevent the formation of angiotensin 11 (All)' or that compete with this polypeptide for its vascular receptors, induces a drop in arterial blood pressure with little or no change in cardiac output (2) (3) (4) (5) . Despite the fact that the vasoconstrictor action of Al appears to be essential for the maintenance of normal blood pressure during sodium depletion, the pressor and vascular responses to exogenously administered octapeptide are greatly reduced in this condition (6) (7) (8) (9) (10) (11) (12) . Conversely, there is an enhancement of the pressor and vascular responses to Al1 in situations of sodium excess (7) (8) (9) 12) .
Differences in the pressor responsiveness to Al have also been reported in a variety of diseases including cirrhosis with ascites (9, 13, 14) , nephrosis (14) , malignant and reniovascular hypertension (7), Bartter's syndrome (15, 16) , and Addison's disease (17) . The mechanisms underlying these variations have not been clarified.
'Abbreviationis used ini this paper: A1, angioteiusii I; A11, angiotensin II; CEI, converting enzyme inihibitor; DOCA, desoxycorticosterone acetate; PRA, plasma reniii activitv.
The Journal of Clinical Investigation Volume 61 Marchi 1978 *610-623Four major hypotheses have been proposed to explain the inverse relationship l)etween the state of sodium balance and the magniitude of the vascular response to A,,: (a) that sodiumii has a direct effect upon the contractile response of vascular smiiooth muscle induced by A,, (9, 11, 18) , (b) that the vasoconstrictor response to exogenous A,, is inversely related to the degree to which the vascular All receptors are occupied by endogenouis polypeptide (6, 19) , (c) that the concentratioin of All receptors in vascular smooth muscle is variable and that this concentration determines the vascular response to the hormone (20) , and (d) that the vasoconstrictioni produced by Al, is modulated by the conicomitant vasodilator action of other hormones with opposing effects (e.g., prostaglandinls) (21) .
The present study was designed: (a) to claracterize the effect of chaniges in sodiumilbalance Uponl the renal vascular reactivity to A1l and to norepiniephrine, and (b) to test the hypothesis that variatioins in the renal vascular response to A,, result from comiipetition between endogenous and exogenous hlormonie for the same vascular receptors. The renial vasculature was chosen for study because blood flow responses to injections of A,, into the renal artery can be elicited without alterations in systemic hemodvniamiiics and because endogenous levels of reniin and Al, are higher in the kidney than in the general circulation (22) .
The renal blood flow responises to injections of exogenous All and norepinephrinie into the renal arterv were measured in anesthetized dogs in which the endogeniouis activity of the reniin-angiotenisini system had been altered by inducinig acute or chroniic alterations of sodiumii balance. In other experimiienits, the amount of endogenous All available Nwas reduced by the admiiniistration of the synthetic nonapeptide, L-Pyroglutamic acid(Pyr)-Tp)-Pro-Arg-Pro-Glin-Ile-Pro-Pro (SQ 20,881), which blocks the conversion of angiotensin I (A1) to All by inhibiting the angiotensiin-converting enzyme (23) . In this manner, the effect of a decrease in endogenous A,, on the renal vascuilar responses to All and norepinlephrine was examinied in the absence of a change in the balance of sodium.
Finally, studies of renial vascular reactivity to the two hormones were performiied before anid after administration of the inhibitor of prostaglandin sVnthetase, inidomethacin. (28) , tipoii the remial vascular respomisiveniess to A1a cImi (norepinmejhrimie -.,as examimieied. I n(lonmethaciii wx'as dlissollvedl imi about 2 ml o0f 95% ethanol amid dilute(I 2t)-focl( ini Kreb's sollmtioi) (pH 7.4). This sollutioli was injectecl inltraveniolusly over a 2-mimi period. The dlose of' imi(lomietliatcimi titilizecl (2 imng/kg) lhas been established as acl'e(pmate to lbloick the release of'remial prostaglamcdlins (29) . (30) . Sinice in no case was there a significant relationship between these variables, the absolute level of change in 100lood flow in milliliters per minute, without correction for the base-line flo%v or normiializatioll, as percentages, was used as the variable of initerest. Subsequently the data wvere analyzed by an analysis of varianiee in which the state of the aniimal (e.g., sodiumiii depletion and CEI administrationi) wvas uised as one criterion anid the dose of the hormone wvas the other criterioni (30) . In this manner, dose-response curves for A., anid niorepinieplhrinie in each state were constructed and compared. The mean overall responses w.ere calculated as the asverage of all doses. WVhen applicable, data were anialyzed by Student's t test for paired or unpaired observationis. All valutes are expressed as mean±tSEN1. Changes were termle(d significant if the F value or t value exceeded the 5% level (30) .
RESULTS
Effect ofchronic changes in sodium balance on renal vascular reactivity (Fig. 3) . The relationship between PRA and the renal vascular response to All in each animal was examiniedI across groups. Fig. 4 shows that there was a significanit correlation between the PRA and the renal blood flow response to A,, (r = 0.594, P < 0.001). A siniiar ainalysis for norepiinephrine responisiveness is also showIn in Fig. 4 (Fig. 3) . For the high salt-DOCA dogs, the mean overall effect of All was 122+16 ml/miniii (Fig. 3 ). was induced in the dogs fed normal diets by the administration of furosemide. As indicated in Table  IA , diuresis resulted in a significant rise in hematocrit and a proportionally greater rise in PRA from 1.8 to 14.4 ng/ml per h (P < 0.01). Cardiac output declined significantly and there was a significant increase in total peripheral vascular resistance; arterial blood pressure did not change. There was no significant change in renal blood flow or in renal vascular resistance in response to acute sodium depletion. Fig. 5 shows that after acuite sodium depletion there was a significant upward shift in the dose-response curve of All but there was no significant change in the renal blood flow response curve of norepinephrine.
As shown in Table IA , the mean overall response to All decreased from 87 to 65 ml/min (P < 0.01) after acute sodium depletion, whereas there was no change in the mean response to norepinephrine (46 vs. 42 ml/min; NS). Acute sodium repletion. To determine the effect of acute sodium repletion on the renal vascular response to the two hormones, studies were performed in sodium-depleted dogs before and after administration of an infusion of Ringer's lactate solution eqtual to 5% of the body weight. As indicated in Table IB , the infusion induced a significant decline in hematocrit and in mean PRA from 39.6 to 21.6 ng/ml per h (P < 0.05). Cardiac output increased, total peripheral vascular resistance fell, and mean arterial pressure did not change. Renal blood flow rose but there was no change in renal vascular resistance.
Acute sodium repletion was associated with an enhainceimient of the renal vascular response to All (Table   IB) ; the mean overall response to A,, rose significantly from 38 to 56 ml/niin (P < 0.01). There was no change in the renal blood flow response for norepiniephrine after acute sodiuim repletion (Table IB) ; the mean overall responise to norepinephrine after sodium depletion was not significantly different from the control period ( 4 ( mil/mi, Table IA ).
-'* C/lronic .so(ihumn depletioni. Effect of indornethacin on7 renal vascular reactivity To assess a possible role of the prostaglandins in determining the vascular response to All and(or) norepinephrine, the responses to the two hormones were measured in sodium-deprived dogs before and after administration of the cyclo-oxygenase inhibitor, indomethacin (28) . Table IIIB indicates that the administration of indomethacin resulted in no significant changes in mean arterial blood pressure, cardiac output, or total peripheral vascular resistance. Renal blood flow declined significantly after indomethacin, from 149 to 133 ml/min (P < 0.001), and there was an increase in renal vascular resistance. PRA declined slightly but significantly after indomethacin. The lower panel of Fig. 7 indicates that the doseresponse curves to A,, and to norepinephrine were not significantly changed after the administration of indomethacin. The mean overall blood flow response to A,, was 49 ml/min before and 40 ml/min after the cyclo-oxygenase inhibitor had been infused (difference NS, Table IIIB (2, (7) (8) (9) . Decreases in the pressor response to All have also been documented in a variety of diseases in which the renin-angiotensin system is activated (7, 9, (13) (14) (15) (16) (17) .
The influenice of sodium balance on the vascular action of A11 has been studied primiarily by monitoring the blood pressuire rise produced by an intravenous infusion of the hormiione (6) (7) (8) (9) (13) (14) (15) (16) (17) . This approach, however, is complicated by the fact that All, in addition to its direct actioni to produce vasoconstrictio(n of arteriolar smooth muscle, also influences blood pressure indirectly through actions on the central and sympathetic nervous systems (32, 33) , on the adrenal medulla (33) , the heart (34), and possibly also on the systemic veins (4) . In the present studies the responses of the renal circulation to graded subpressor doses of All and norepinephrine were meastired. In this manner, systemic circulatory alterations were avoided and changes in renal blood flow could be used to assess the vasoconstrictor action of the two hormones.
The data indicate that the renal blood flow response to Al, was significantly and selectively depressed by chronic or acute sodium deprivation whereas it was increased by acute repletion of sodium and by chronic sodium excess induced by a high salt intake and DOCA. When examined across groups, the renal vascular response to A,, was inversely related to PRA. These observations confirm and extend those made by Hollenberg et al. in salt-deprived humans with the 133xenon washout techni(ue (10, 12) . Moreover, the changes in the renal vascular response to A11 reported here are directionally similar to the changes in its pressor effect that have been reported in rats (8), dogs (6), and humans (7, 9, 13) during variations of the balance of sodium. The data also indicate that there were no significant changes in the renal vascular response to norepinephrine during chronic or acute changes of sodium balance. These observations conflict with previous studies by Kilcoyne and Cannon in dogs (35) and by Hollenberg et al. in humans (10) which suggested that sodium deprivation increases the renal vascular response to norepinephrine. Since the changes reported previously were slight and since these workers used the 133xenon technique to measure renal blood flow, differences in methodology ma' accounlt for the different resuilts. In the presenit studies, renal vascuilar reactivity to norepinephrinie appearedinot to be depeindenlt uponl the activity of the reniniii-angioteinsin system l)ecause Ino relationship between the PRA and renal vascular response to norepinephriine was fotund. The adninlistrationi of CEI to sodium-depleted aniimals with increasedl PRA iniducedl a fall in arterial blood pressure, total peripheral vascular aind renal vascular resistanices, and anl inerease in renial blood flow. In contrast, there was nio signiificant chainge in these paramiieters in the high salt-DOCA animals in which the renin-anigiotensini systemn was suppressed. These data confirm previous results in the rat (4), rabbit (3), dog (2), and humnlnais (5) and illustrate the important role of the renin-anigiotenisini system in the maintenance of arterial blood pressure during sodiuum depletion. They also show, in agreemiienit with previous studies (3, 36) , that All participates in the regulation of'the renal vascular tone durinig sodium depletion.
The renal vascular responise to Al, increased significantly after inhibition of convertinig enzyme in dogs with acute or chronic sodiumii depletion that had increased PRA. In conitr-ast, in animiials with suppressed PRA (salt-DOCA), the vascular response to All was unchaniged 1b CEI. The effect of CEI Uponl the renial vascular responise was specific for All since durinig sodiuml depletion, the niorepinephrinie responise wvas unaffected by conivertinig enzyme inhibition. The surprising enhancemenit of the norepinephrine responise after CEI in the salt-DOCA dogs is unexplainied but possibly may relate to differences in catecholaminie storage and re-uptake in the tissues (37) .
Several lines of evidence suggest that the renal vascular response to All was increased after administration of CEI because inhibition of converting enzyme reduced the amount of encdogeinous All available to react with the vascular All receptors. First, a variety of in vitro (38) and in vivo (39) The results of the present study are consistent with findings of Thurston and Laragh in their study of the pressor response to All in the rat (19) . These investigators reported that the blunted pressor response to A,, in salt-deprived rats could be enhanced by inhibiting conversion of Al to All with SQ 20,881.
A third hypothesis to explain the influence of sodium balance upon the vasoconstrictor effect of All has recently been proposed by Devynck and Meyer 620 J. A. Oliver atnd P. J. Cantntoni (20) . These workers have shown that the number of All receptors on uterine smooth muscle increased significantly several hours after bilateral nephrectomy, a maneuver which abruptly diminishes circulating Al, (41) . Based on these findings, they postulated that the number of vascular All receptors might decline when the concenitrationi of Al, is high and increase when its concentration is low. The number of vascular receptors would deternmine, in turn, the responise of vascular smooth muscle to A,,. This concept is in accord with a number of studies that indicate that several hormones (42) (43) (44) (45) (48) .
Although this hypothesis is attractive it does not appear to provide an explanation for the alterations in the renal vascular reactivity to A,, observed in the present experiments for two reasons. First, the modulating effect of prostaglandins of the E series on vasoconstrictor stimuli is relatively nonspecific, i.e., prostaglandins attenuate the vasoconstriction produced by All, norepinephrine, renal nerve stimulation, and ischemia (21) . In the present study, however, the blunting of the renal vascular responsiveness to All after acute diuresis and by dietary sodium deprivation and its enhancement by sodium repletion and by the high salt diet and DOCA were selective for A,,. If such changes in sensitivity were prostaglandinmediated, similar responses would have been expected for norepinephrine.
Second, in the present experiments the administration of indomethacin in doses equal to those which have been shown to inhibit renal prostaglandin biosynthesis (29) failed to enhance the renal vascular response to All. Although measurements of prostaglandin excretion were not performed, the fact that the drug reduced basal renal blood flow and PRA provides evidence for inhibition of prostaglandini production by the kidneys (29, 49) . The failure of indomethacin to enhance the renal vascular response to A,, and norepinephrine might appear to be at variance with observations of Aiken and Vane who reported that indomethacin enhanced the renal blood flow response to these hormones (29) . However, in the experiments of Aiken and Vane, All and norepinephrinie were infused into the renal artery for 5-6 min, a duration of time adequate to induce prostaglandin synthesis in response to the vasoconstrictor actioni of the two hormones (21) . On the other hand, in the present experiimient, All and( inorepinephriine were injected as bolus injectionis and the maximal reduction of renial blood flow (which almost always occurred withiin [5] [6] [7] [8] [9] [10] In summary, the present studies demonstrate that the renal vascular reactivity to Al, was blunted by acute or chronic sodium depletion (which stimulates renin secretion) and was enhanced by acute sodium repletion or chronic administration of a high salt diet and DOCA (which suppress renin secretion) or by CEI (which presumably reduced the concentration of circulating All). The renal vascular reactivity to norepinephrine was not significantly influenced by alteration of sodium balance or by administration of converting enzyme (except for an enhancement of norepinephrine sensitivity which occurred after CEI in dogs pretreated with DOCA and salt). All to normal women receiving estrogein-containing oral contraceptives (52) . Similarly, it may explain the blunted pressor sensitivity to All in a variety of diseases (7, 9, (14) (15) (16) (17) . For example, the blunted pressor response to A11 observed in patients with the syndrome ofjuxtaglomerular cell hyperplasia (Bartter's syndrome) is significantly enhanced when peripheral plasma renin activity is suppressed by saline infusion (53) or administration of propranolol or indomethacin (16) .
